This study aimed to appraise the application of right ventricular longitudinal strain for assessing right ventricular dysfunction and severe hemodynamic changes in pulmonary hypertension. The study included 53 patients clinically diagnosed with PH. Tissue Doppler-derived tricuspid lateral annular systolic velocity (s'), early diastolic peak velocity (e'), late diastolic peak velocity (a'), tricuspid annular plane systolic excursion (TAPSE), RV index of myocardial performance (RIMP), and right ventricular fractional area change (FAC) were determined. The STI parameter was RV free wall longitudinal peak systolic strain (RV LPSS). The patients were assigned into two groups based on a RV LPSS value of À 19%. RV LPSS, s', TAPSE, RIMP, FAC, a' and e'/a' showed significant differences. PH patients with an RV LPSS≥ À19% exhibited a lower RV function (P < 0.05). RV LPSS was negatively correlated with TAPSE (r = À0.326, P < 0.05) and FAC (r = À0.495, P < 0.001) and positively correlated with RIMP (r = 0.508, P < 0.001). The optimal cut-off value of RV LPSS to reveal an mPAP ≥ 45 mmHg defined based on the receiver operating characteristic curve analysis was À 19.26% with a sensitivity of 83.9% and a specificity of 73.4%.
Introduction
Right ventricular (RV) function is a valuable predictor of prognosis for patients with pulmonary hypertension (PH), because it is well correlated to clinical consequences, severity of illness, and the quality of patient's daily life. Although pulmonary load is a significant determinant of RV systolic function, there remains great variability in RV adaptation to PH. Therefore, correct assessment of RV function is relevant in the clinical managing of these patients. PH is a pathophysiological disorder that is present in multiple clinical manifestations and complicates a variety of cardiovascular and respiratory diseases.
[1] PH is defined as an increase in the mean pulmonary arterial pressure (mPAP) ≥25 mm Hg at rest as determined by right heart catheterization (RHC), which is required to confirm the diagnosis of PH, to evaluate the severity of hemodynamic impairment, and to undertake vasoreactivity testing of the pulmonary circulation in selected patients. RHC showed a low morbidity (1.1%) and mortality (0.055%) when conducted at professional centers. [2] Transthoracic echocardiography is used to image the pulmonary artery pressure in the heart and to estimate the PAP from the impact of continuous wave Doppler measurements. With regard to PH, echocardiography is not sufficient for determining the appropriate treatment decision, and cardiac catheterization is required.
[1] However, RHC is invasive and impractical for serial assessment. Therefore, a noninvasive method to detect pulmonary hemodynamics is needed.
Two-dimensional (2D) echocardiography is the widely utilized means for appraisal of the RV function in clinical practice. Several studies showed the application of a number of echocardiographic parameters in the evaluation of RV function, including tricuspid annular plane systolic excursion (TAPSE), the tricuspid annular plane systolic velocity (s'), [3] RV fractional area change (RVFAC), and RV myocardial performance index (RIMP). [4, 5] However, in those studies, the free lateral wall of the RV was appraised with M-Mode and tissue Doppler imaging only in 1 plane and was employed as a surrogate for RV function. Hence, the present parameters that are measured by echocardiographic techniques only under a simple algorithm are not suitable for calculating RV function. [6] Myocardial deformation evaluated by strain is more valuable than wall motion analysis (velocity and displacement) in detecting regional myocardial abnormalities. Recently, several studies demonstrated that two-dimensional speckle tracking strain imaging (2D-STI) is a functional modality in the appraisal of RV function. [7, 8] Longitudinal strain (LS) is independent of global cardiac movement, thus allowing a quantitative analysis of regional myocardial deformation in different RV segments. [9] A previous study demonstrated that RV longitudinal strain as assessed with speckle tracking strain imaging was severely impaired in patients with PH, and that it was inversely correlated with systolic pulmonary arterial pressure (SPAP) and RV dimensions. [8] In this study, we measured the RV myocardial longitudinal strain (RV LPSS) of PH patients using 2D-STI and analyzed the correlation between RV LPSS and the change in RV function. We also detected severe PH (mPAP ≥45 mm Hg) by RV LPSS and investigated the ability of RV LPSS to predict severe PH in patients using 2D-STI.
Patients and methods

Study patients
A total of 76 consecutive patients with PH who visited our Hospital from August 2013 to December 2014 were enrolled in our study. Diagnosis of PH was defined as a mean PAP ≥25 mm Hg assessed with RHC, or SPAP ≥36 mm Hg estimated with echocardiography. [10] The exclusion criteria included: RHC was not performed; poor echocardiography image quality; coronary artery disease, moderate to severe aortic and/or mitral valval heart disease, left-sided heart failure, and atrial fibrillation/flutter. All patients were extensively screened to confirm the diagnosis of PH. Invasive measurement of pulmonary pressures was performed with right heart catheterization when SPAP was 36 mm Hg. After the application of the exclusion criteria, 53 cases with PH were included in our study. The study cohort included 25 patients with chronic thromboembolic PH, 18 with idiopathic PH, 6 with PH associated with connective tissue disease, 2 with PH associated with congenital heart disease, and 2 with heritable PH. This study was in compliance with the guidelines of the Declaration of Helsinki. The Ethics Committee of our Hospital approved this study. All participants provided informed consent for participation in this study.
Echocardiography
All echocardiography was performed with an Artida ultrasound system (Toshiba Medical Systems, Tochigi, Japan). Images were obtained with the patient in the left lateral decubitus position. M-mode was employed to assess the TAPSE. The M-mode cursor was positioned through the lateral side of the tricuspid annulus in such a way that the position of annulus changed along with the cursor. The systolic displacement of annular was assessed from end-diastole to end-systole. The tricuspid annular systolic velocity (s') was measured in the apical 4-chamber view though tissue Doppler imaging. The isovolumic acceleration of the RV was computed as the peak isovolumic myocardial velocity divided by the time to peak velocity, as assessed by tissue Doppler imaging at the lateral tricuspid annulus. The RVFAC was computed as reported (ref): (RV diastolic area-RV systolic area)/RV diastolic area Â 100%. The RV diastolic and systolic areas were acquired from the apical 4-chamber view. RVFAC = the right ventricular index of myocardial performance (RIMP) was the isovolumic time divided by the ejecting time, which was evaluated in the same pulsed. The isovolumic time was computed by subtracting the ejecting time from the tricuspid closure time. The ratio of the RV transverse diameter to the left ventricular transverse diameter was calculated at the basal segment at the end of diastole in the apical 4-chamber view.
Two-dimensional speckle tracking analysis
Three cardiac cycles were used to continuously image the right ventricle as the center of the 4 chambers, with a frame rate >60 frames/s. With 2D-STI performed online with dedicated software, the longitudinal strain of RV free wall was evaluated from an RV-focused apical 4-chamber view. Generally, we traced a region of interest by point-and-click approach on the endocardium at end-diastole in RV from the RV-focused view. A second larger region of interest was further produced and manually fine-tuned near the epicardium. The region of interest was carefully adjusted using visual assessment to assure that every segment was tracked perfectly. The right ventricle was partitioned into 6 standard segments at 3 levels (i.e., the basal, middle, and apical levels), correspondingly generating 6 time-strain curves ( Fig. 1) . RV LPSS was evaluated in the basal, midventricular, and apical segments of the RV free wall and calculated as the average of the 3 segments. RV LPSS is determined as the percentage of myocardial shortening relative to the original length and is conventionally presented as a negative value. Therefore, the more negative the value of RV LPSS, the more preserved is the shortening.
Hemodynamic measurements
Hemodynamic measurements were obtained in all patients via right-heart cardiac catheterization. The measured indices were mPAP, pulmonary capillary wedge pressure (PCWP), and pulmonary vascular resistance (PVR). Cardiac output was determined by the Fick method. An investigator blinded to the echocardiographic measurements evaluated the pressure.
Statistical analyses
Continuous variables are presented as mean ± standard deviation. Normality was evaluated using the 1-sample Kolmogorov-Smirnov test. Linear regression analysis was used to evaluate the relationships between the 2 variables. The abilities of RV LPSS, FAC, RIMP, s 0 , and TAPSE to detect severe PH were appraised with receiver operating characteristic (ROC) curves to yield optimal values for an area under the curve (AUC). ROC curves were established to confirm the optimal cut-off value of RV LPSS that indicated elevated mPAP. The optimal cut-off value was determined as the point nearest to 1 in the top left corner. Reliability was assessed as the absolute difference in strain measurements between the 2 observers divided by the mean of both measurements and expressed as a percentage. Interobserver and intraobserver intraclass correlation coefficients (ICCs) for quantitative measurement of RV LPSS were calculated in a 2-way mixed model with 95% confidence intervals (CIs). The agreement between interobserver and intraobserver reliability analyses was tested by the Bland-Altman method. A P value less than 0.05 was considered statistically significant. All statistical analysis and graphic presentation were performed with the statistical software SPSS (version 17.0 for Windows; SPSS, Chicago, IL).
Results
Patients characteristics
A total of 53 consecutive patients with PH were registered in this study including 25 men and 28 women with a mean age of 53.5 ± 13.1 years and an average body mass index of 22.77 ± 5.37 kg/m 2 (Table 1) .
On the basis of a prespecified cut-off value of RV LPSS, the patient population was categorized into 2 groups: Group I: patients with RV LPSS < À19% (more preserved RV myocardial shortening) (n = 14) and Group II: patients with RV LPSS ≥À19% (more impaired RV myocardial shortening) (n = 39). [11, 12] These 2 groups were comparable with respect to age, body surface area, and so on (Table 1) . Table 1 Comparison of clinical characteristics of participants in the 2 groups of this study. (Table 2 ).
Clinical characteristics RV LPSS
<À19% (n = 14) RV LPSS ≥À19% (n = 39) P
Correlation analysis of RV LPSS and RV function parameters
As shown in Figure 2A to E, correlations were observed between the echo parameters (RV LPSS, TAPSE, RIMP, FAC, and s') and RHC parameters (mPAP, PVR, and CO). The RV LPSS significantly correlated with TAPSE (r = À0.326; P =0.017), FAC (r = À0.495, P <0.001)), RIMP (r = 0.5, P <0.001)), and s 0 (r = À0.495, P <0.001) (Fig. 3) . As shown in Table 3 , ROC curves were used to obtain AUC values for the ability of RV LPSS, FAC, RIMP, s 0 , and TAPSE to detect severe PH (mPAP ≥45 mmHg). The most favorable cut-off value of RV LPSS for uncovering mPAP ≥45 mm Hg was À19.26% with a sensitivity of 83.9% and a specificity of 73.4% (Fig. 4) .
Reliability studies of RV strain
The interobserver reliability for RV strain was assessed using measurements by different observers in a series of 10 patients and then measured by examiners blinded to the patient types. One of 2 observers was an expert in echocardiography. The intraobserver reliability of RV strain over time was investigated in a series of 10 patients (Table 4 , Fig. 5 ).
Discussion
PH is a catastrophic disease, in which both vasoconstriction and vascular remodeling occur and give rise to a gradual increase in pulmonary vascular resistance. Although the initial pathological changes in PH involve the pulmonary vasculature, the prognosis of PH patients was closely linked to RV function. [13] Independent of the type of PH, the patients will progress to refractory right heart failure eventually. The function of right ventricle is a significant predictor of prognosis, because it is well correlated to severity of illness, clinical consequences, and the quality of patient's daily life. Generally speaking, severe PH was defined by a mPAP ≥35 mm Hg. [14, 15] However, an mPAP >45 mm Hg or even higher can lead to poor prognosis in patients with PH, and clinical combination therapy and/or surgical lung transplantation surgery is more likely to be used for the treatment. [16] [17] [18] The impaired RV function contributes significantly to the morbidity and mortality of patients with heart and lung diseases. However, the best way to evaluate RV function has not been determined. One of the reasons is the excessive focus on the appraisal of left ventricular function. Another reason is the lack of ultrasound techniques for right heart imaging. It is therefore imperative to find a feasible way to evaluate right ventricular function, which may detect right heart failure in the subclinical stage before progression to right heart failure. Two-dimensional speckle tracking is a novel technology that may be used to assess the RV function. It provides angle-independent assessment of regional myocardial deformation and does not rely on geometrical assumptions. [19] The right ventricular wall is thin, and the right ventricular myocardium is mainly composed of epicardia longitudinal myocardium and endocardial annular myocardium. Moreover, the longitudinal myocardium plays a main role in right ventricular systolic and diastolic processes. Therefore, studies of STI for evaluating right ventricular function have mainly focused on the longitudinal direction of myocardial motion. [20] In the current study, no significant differences in age, tricuspid regurgitation area, SPAP, or left ventricular ejection fraction (LVEF) between the 2 groups were observed. For RV structure, only RVTD showed a difference. This illustrated that patients in these 2 groups were similar with regard to the hemodynamic and structural changes, which included enlargement of the right heart, broadening of the main pulmonary artery and left and right pulmonary artery branch, regurgitation of the tricuspid valve, and elevation of systolic pulmonary artery pressure. It is difficult to discern the severity of the disease only from 2D images. The 2010 ASE Guidelines for the Echocardiographic Assessment of the Right Heart in Adults proposed that a number of conventional echocardiographic parameters including TAPSE, s0, FAC, and MPI that can be readily assessed with high reliability and reproducibility should be considered in the diagnosis of PH. [21] Our research divided patients into 2 groups according to RV LPSS and defined À19% as the cut-off value. We found that the RV function parameters, such as s [12] found that patients with a RV LPSS ≥-19% had significantly worse New York Heart Association functional class and lower Table 2 Echocardiographic parameters of participants in the group with RV LPSS < or ≥ À19%.
Parameter RV LPSS<À19%
(n = 14)
RV LPSS≥À19% (n = 39) P value TAPSE than their counterparts, and that RV LPSS was a significant determinant of all-cause mortality. It is well known that myocardial strain describes the extent of myocardial deformation. RV LPSS is defined as the percentage of myocardial shortening relative to the original length and is conventionally presented as a negative value. Therefore, the more negative the value of RV LPSS, the more preserved is the shortening. In the current study, the longitudinal myocardium of PH patients with RV LPSS ≥À19% was damaged more severely with respect to RV systolic and diastolic function. Puwanant et al [22] conducted a study on precapillary PH patients by using 2D-STI and found that a chronical increase in RV pressure directly impacts RV longitudinal systolic deformation. Increased RV pressure further affects interventricular septal and LV geometry, thus impairing LV torsion, segmental longitudinal strain, and circumferential strain. [22] Sachdev et al [23] found that pulmonary arterial hypertension patients exhibited a reduced RV systolic strain. Moreover, an RV free wall strain less than 12.5% was linked to a higher degree of disease progression within 6 months, and it was also predictive for 1-, 2-, 3-, and 4-year mortality. After adjustment for age, sex, PH cause, and functional 
Table 3
Area under the curve (AUC) for the ability of RV LPSS, FAC, RIMP, s 0 , and TAPSE to detect severe PH defined by a mPAP ≥45 mm Hg. classification, patients exhibited a 2.9-fold higher mortality rate per 5% absolute decline in RV free wall strain at 1 year. [23] In a longterm follow-up study on patients with PH, Motoji et al [24] found that patients with an RV-free >19.4% suffered from fewer cardiovascular events than those with an RV-free 19.4%. What is more, an RV-free 19.4% combined with a TAPSE <16 mm was correlated with the highest incidence of cardiovascular events. [24] Our study indicated that RV LPSS was well correlated with TAPSE, FAC, RIMP, and s' and thus, RV LPSS could reflect the degree of reduction in right heart function of PH patients. Li et al [25] indicated that RV global longitudinal strain was more often altered in patients with severe PAH compared with mild PAH, and that global longitudinal strain and global longitudinal strain rate were associated with CMR-derived RVEF. Sunbul et al [26] appraised RV function in CTEPH patients and discussed the association with activity tolerance by measuring RV longitudinal deformation using 2D-STI. They illustrated that patients with a shorter six-minute walk test (6MWT) distance exhibited a significantly larger RV but had a greatly lower RV fractional area change and higher myocardial performance index. Also, these patients had significantly lower RV basal-lateral strain and strain rate assessments compared with those with longer 6MWT distances. In addition, these patients exhibited lower RV basal-septal, mid-lateral, and global strain measures. [26] In a previous study, RV LPSS was used to detect RV dysfunction in patients with severe PH, as well as early RV dysfunction in patients with mild PH. [27] Consistent with the above finding, our study demonstrated the superiority of RV LPSS for uncovering severe PH (≥45 mm Hg) over the conventional parameters such as RIMP, TAPSE, s 0 , and RV FAC. Pressure overload in PH leads to changes in the RV free wall that eventually result in RV failure. Hill et al [28] suggested that the biomechanical and microstructural changes of the RV free wall myocardium should be used in future computational models, which may eventually be used to predict the response to altered hemodynamic states. Ventricular interdependence is defined as the size, shape, and compliance of 1 ventricle affecting the function of the other ventricle. The existence of an interventricular septum, involving 2 ventricles, limits expansion through the restricted pericardium, and RV increases load conditions, which adapts to the characteristics of the related cardiovascular system. Ricardo et al showed that impaired LV contractility in patients with PAH as assessed by speckle tracking strain was independent of ventricular septal involvement. [29] 
Study limitations
Several limitations present in our study need to be pointed out. First, echocardiographic studies and RHC were not performed simultaneously. Second, we did not include control subjects with an mPAP <25 mm Hg. Third, because RHC is an invasive examination, its clinical application has indications, and not all patients could undergo the examination. Fourth, PVR is an important index of pulmonary hemodynamics as reflected in the pulmonary circulation pressure flow relationship. Therefore, the elevation of PVR is also considered a generalized pulmonary arterial hypertension. However, our study included several types of PH and demonstrated the issue of heterogeneity to some degree. Thus, elevated PVR was not considered in our study. In our future study, we will increase the sample size to make a more comprehensive analysis between the subgroups.
Conclusions
Distinguishing the degree of RV dysfunction by 2D-STI may help physicians to determine the state of cardiac function and the degree of PH in patients, which will offer a basis for the clinical diagnosis and treatment of PH. Inter-and intraobserver reliability of measurements (n = 10). Figure 5 . Reliability studies of RV strain. The inter-and intraobserver reliability analysis of RV LPSS was assessed in 10 subjects. RV = right ventricular, RV LPSS = right ventricular free wall longitudinal peak systolic strain.
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